INTRODUCTION
The highest electrotransformation (ET) yield is achievable only with supercoiled plasmid DNA, but the major application of a high-efficiency bacterial ET is in transforming with a ligation mixture or during generation of chromosomal recombinants. In solventogenic clostridia knock-out recombination, a popular approach to generate disrupted chromosomal genes, utilizes a recombination event between target gene in the chromosome and an inactivated copy of the gene associated with a selective antibiotic resistance marker which is transformed into the cell on a suicide vector (Wilkinson and Young 1994) . Detection of such recombinants requires a high efficiency of introduction of the DNA into the cells as the yield of recombinants depends on both transformation or conjugation efficiency and the recombination frequency for a particular host.
Interest in genus Clostridium acetobutylicum and related species has been renewed as practical biomass conversion reactors for production of solvents and organic acids (Woods 1995) . The main approach to understanding the physiology of solvent production by the solventogenic clostridia is the Correspondence to: Dr George N. Bennett, Department of Biochemistry and Cell Biology, MS-140, Rice University, 6100 Main Street, Houston, TX 77251-1892, USA (e-mail: gbennett@bioc.rice.edu) .
© 2000 The Society for Applied Microbiology application of molecular genetics to this group of bacteria (Durre 1998; Green and Bennett 1998) . The preparation of genetic constructs for gene manipulations in clostridia is generally carried out in Escherichia coli as an intermediate host. A restriction system, Cac824I, found in Cl. acetobutylicum ATCC 824 cells reduces the efficiency of ET with non-methylated plasmid DNA isolated from E. coli cells (Mermelstein et al. 1992) . A low copy number plasmid, pAN1, was constructed for in vivo methylation in E. coli; and the ET protocol was further improved for this particular clostridial strain (Mermelstein and Papoutsakis 1993) .
For a particular organism, ET efficiency can be increased by selecting the optimal electric treatment conditions (Tyurin et al. 1996) as well as also taking into account specific biological features impeding efficient electrotransformation (Mermelstein et al. 1992) . Solventogenic clostridia possess a complex cell development cycle including sporulation and one of the problems during ET is how to avoid triggering cell sporulation prior to and during electric treatment, as transforming DNA entering cells triggered to sporulate may not be efficiently incorporated into the spore and, thus, the yield of electrotransformants may be low. A variety of nutritional and environmental factors including exposure to oxygen or trace amounts of solvents (Terraciano et al. 1988; Pich et al. 1990 ) can influence sporulation. In modifying the ET protocol we tried to eliminate factors such as heating of the cell sample by the exponential pulse (Mermelstein et al. 1992) , and direct exposure to oxygen.
ET requires reversible permeabilization of target cell membranes (Chang et al. 1992) . To detect massive electropore formation in membranes of target cells we developed an electroporator which includes a powerful linear voltage amplifier where a tetrode serves as an electronic key (Tyurin 1992) . The electroporator allows determination of a voltampere pattern of a particular cell sample to find the voltage corresponding to the above membrane changes. We proposed that in some bacteria intracellular membrane structures may work as a battery of capacitors screened by a cell membrane with well-known properties of a capacitor (Chang et al. 1992) . When the cell membrane is electropermeabilized, capacitorlike membrane structures become exposed to the electric field. The cell sample ohmic resistance R and the sample capacitance C at this point start to decrease non-linearly due to membrane damage. The generator circuit is designed to amplify any non-linear current changes. This process is not momentary, and it requires a time comparable to the pulse duration we used. In glutamate-producing corynebacteria subsequent electropermeabilization events during a square pulse application were registered as a number of low frequency (6·67 kHz) pulse current oscillations while the ET efficiency was maximal, suggesting the presence of a number of intracellular membranes (Tyurin et al. 1998) . Differential centrifugation separated those membranes which appeared containing the transforming DNA. As a result, a theoretical model of the cell sample electric equivalent of RC-chain has been proposed where R and C magnitudes were in a reverse nonlinear proportion to voltage applied to the sample causing pulse current oscillations (Tyurin et al. 1998) .
There are reports that members of Clostridium genus can form closed membrane structures under conditions facilitating osmotic lysis (Driessen et al. 1988) , or demonstrate fragmentation of the peripheral parts of the cytoplasm by membrane components in mechanically disrupted cells (Vysotskii and Gorshkova 1978) . This information led us to investigate a possible correlation of pulse current generated during membrane disruption with increased efficiency of ET of Cl. acetobutylicum ATCC 824.
Based on the observation that optimized electric treatment conditions resulted in increased transformation yields we conducted experiments to reveal the voltage required to generate pulse current oscillations with Cl. acetobutylicum assuming a complex membrane morphology contribution in limiting ET yield. We suggest that data on voltage and frequency of the pulse current generated might be useful to help optimize electric treatment conditions for clostridia. This paper summarizes our observations on optimization of electric treatment conditions for solventogenic clostridia with the purpose of providing improved reproducibility of ET. 
MATERIALS AND METHODS

Growth and selective media
For cell propagation, subgrowth and outgrowth we used CGMm broth (Hartmanis and Gatenbeck 1984) Yeast extract and glucose were purchased from Sigma Chemical Co., St Louis, MO, USA. Tryptone was purchased from Difco Laboratories, Detroit, MI, USA. The amounts of listed components except glucose were dissolved in Milli-Q water in order to obtain 0·5 l of solution in 1 l flask. Glucose was dissolved in Milli-Q water to obtain 0·5 l of solution. Both solutions were autoclaved at 121°C for 15 min and after cooling to 50°C the glucose solution was added aseptically to all other ingredients, and the mixture was placed into an anaerobic chamber (Forma Scientific, Model 1018, Marietta, OH, USA) at least 24 h prior to use. Medium of the same composition containing 1·2% agar (solid CGMm) was used for all routine bacteriological manipulations with clostridia. All other manipulations were conducted inside the anaerobic chamber to prevent cell contact with atmospheric oxygen.
For plating and counting of clostridial transformants we used CGMm supplemented with 0·5% of agar (semisolid CGMm) (agar granulated, Difco Laboratories, Detroit, MI, USA) and 35 mg ml −1 of erythromycin (Em, Fisher Scientific, Fair Lawn, NJ, USA). For semisolid agar platings the incubation was performed for 48 h at 36°C in the anaerobic chamber. In the case of a confluent growth corresponding to a high ET efficiency the experiments were repeated at least three more times, and several 10-fold dilutions were plated as above, while the colony count in that case was performed as an average.
Strain and plasmid DNA
Spores of Cl. acetobutylicum ATCC 824 were stored in cornmash medium at 4°C as described (McLaughlin et al. 1985) . For broth culture preparation single colonies of clostridia were obtained as follows: 0·2 ml of the spore suspension were incubated at 80°C for 10 min and then spread onto the surface of solid CGMm, and incubated for 72 h under the abovementioned conditions in order to provide about 100 single colonies (3-4 mm in diameter) per plate.
For optimization of ET conditions we used the dual replicon shuttle vector pSOS84 created by P. Soucaille and containing a Col E1 replicon, the ori and Em resistance of plasmid pIM13 (Lee et al. 1992) , and other clostridial genes (Cary et al. 1990 ). The resultant plasmid (7·1 kbp, Ap r Em r ) could replicate in E. coli with ampicillin (Ap) as the selective marker and in clostridial cells using Em for selection. The vector was methylated in vivo in the presence of a plasmid pAN1, as described (Mermelstein and Papoutsakis 1993) . Thus, the plasmid DNA preparation contained both plasmids while pAN1 was not capable of replication in clostridial cells. DNA was isolated using the QIAfilter Plasmid Midi Kit and the instructions provided (Qiagen, Germany), and dissolved in TE buffer at a final concentration of 0·1 mg ml −1 or 1 mg ml −1 . The influence of pSOS84 DNA concentration on ET efficiency under optimal electric treatment conditions was determined by varying the DNA concentration between 0·1 and 10 mg per cell sample.
Electrical equipment and measurements
The cell sample was located at the anodic circuit of a powerful high-frequency flash tetrode in the following sequence: highfrequency non-electrolytic capacitor, cell sample and the tetrode. This allowed us to monitor the electric breakdown of cells in the sample for a precise adjustment of electric treatment conditions. In brief, a positive polarity voltage of any desirable form and duration was applied to a control grid of an initially locked tetrode, and a pulse current from a previously charged capacitor started to pass through the sample and the tetrode while a positive voltage was presented at the control grid. When the voltage applied to the sample reached a threshold level, massive electropore formation led to a non-linear increase in the pulse current by the tetrode when both the positive voltage at the control grid and the relative voltage drop at the cell sample further increased the pulse current through the sample within one and the same pulse applied. A pulse current sensor (small resistor) was switched between ground and the negatively charged plate of the capacitor to detect the actual pulse current passed through the sample. The electronic aspects of the instrument have been described (Tyurin et al. 1998) , and the model used was provided by the BTX subdivision of Genetronics Inc. (San Diego, CA, USA). Pulse current monitoring was performed using Tektronix 2201 Digital Storage Oscilloscope (Tektronix Inc., Beaverton, OR, USA) in the store mode. Pulse current patterns appearing on the oscilloscope screen were photographed and analysed using a Kodak 120 Digital Camera and respective software (Eastman Kodak Co., Rochester, NY, USA).
Cell preparation
Several colonies (3-4 mm in diameter) from solid CGMm were used to inoculate 10 ml of CGMm for overnight incubation. Cells were then collected by centrifugation for 10 min in 15 ml capped polypropylene conical tubes (Becton Dick-inson & Co, Franklin Lakes, NJ, USA) using a clinical centrifuge (Clay Adams, Persippany, NJ, USA). After removing the supernatant the cells were resuspended in 60 ml of CGMm and subgrown for 3·5 h in a 0·5-l flask with continuous stirring inside the 36°C incubator of the chamber. The speed of stirring was set at medium. Subgrown cells were collected by centrifugation as above and washed twice with 60 ml of chilled sterile 0·3 M sucrose (Sigma Chemical Co., St Louis, MO, USA). To prevent cells from overheating during subsequent centrifugations, the samples were chilled on ice after each 7-8 min of the 16-min pelleting cycle. Final cell pellets were resuspended in 1·5 ml of chilled sucrose solution (final cell suspension volume 1·8 ml) and stored on ice until used (cells ready for electric treatment).
Investigation of the volt-ampere patterns and the pulse current oscillations generated by the cell samples
We modified the anaerobic chamber by passing a pair of highvoltage bilateral (inside-outside connection) sockets through an insulating plastic plate inserted into the excised part of the stainless steel chamber wall. Volt-ampere patterns were investigated as described (Tyurin et al. 1998) . In brief, cells ready for the electric treatment were placed at the bottom of 0·5 ml polypropylene microcentrifuge tubes in 50 ml quantities, and the tubes were placed on ice inside the plastic reaction module of our electroporator for further use as reaction cuvettes. Titanium-made plate-parallel polished electrodes with a 2·5-mm gap between electrode plates were immersed to the bottom part of the tube. A square pulse of 5·25 ms duration was applied to each sample starting from 900 V (3·6 kV/cm) to 4000 V (16 kV/cm) in 100 V increments. The pulse current was monitored as above, and the volt-ampere pattern of the clostridium cell suspension was created, assuming that all the treated samples were equal in three independent experiments. The voltage range corresponding to spontaneously generated pulse current oscillations by the cell sample was used for further optimization of the electric treatment conditions in the presence of transforming DNA (pSOS84).
Optimized electrotransformation protocol for Cl. acetobutylicum ATCC 824
Aliquots of the cell suspension (0·6 ml) were mixed with different amounts of plasmid DNA varying from 0·1 mg to 10 mg (when the influence of the DNA concentration on ET efficiency was monitored) in a 15-ml polypropylene conical tube immediately before ET and were quantitatively transferred into 0·4 cm Bio-Rad cuvette (Bio-Rad Laboratories, Hercules, CA, USA) and chilled on ice for 1 min. The sample was placed into the cuvette holder and subjected to electric treatment with a 22·5-ms square electric pulse modulated with radio-frequency (RF) of 100 kHz at an electric field strength of 12 kV/cm that corresponded to 4800 V of actual voltage applied to the sample. Immediately after treatment the sample was diluted with 1·5 ml of chilled CGMm (4°C), transferred into 10 ml of chilled CGMm and incubated at 36°C. After 3·5 h cells were pelleted as above, resuspended in 0·6 ml of CGMm and mixed with 90 ml of melted warm (37°C) selective (E, 35 mg ml −1 ) semisolid CGMm in a 200-ml flask. This mixture was immediately poured into four 100 mm plastic Petri dishes. The dishes were left on the floor of the chamber until the medium solidified and then placed into the incubator for selection of transformants.
Optimization of RF modulated square pulse duration
We used the electric field strength of 12 kV/cm during optimization of artificially RF (100 kHz) modulated square pulse duration. The yield of transformants was monitored upon changing the pulse duration in 1 ms increments in three independent experiments.
Comparison of different frequencies of square pulse modulation
To detect the influence of frequency of the square pulse RF modulation on the transformation yield we checked frequencies between 50 and 350 kHz in 50 kHz increments in three repeated experimental series. Total square pulse duration was 22·5 ms at an electric field strength of 12 kV/cm. All other conditions were optimal.
Electron microscopy of cell samples
To detect membrane structures in clostridial cells we examined negatively stained cell suspensions before and immediately after the electric treatment with 22·5 ms square RF modulated (100 kHz) at an electric field strength of 12 kV/cm. Negative staining was performed using 200 mesh copper grids with Type A carbon substrate (Pella Inc., Redding, CA, USA). A drop of suspension was placed on the grid and allowed to settle for 1-2 min. After removal of excess liquid with Whatmann no. 1 filter paper, the grids were placed specimen-side down on a drop of 2% uranyl acetate in 50% ethanol for 1-2 min. After removal of excess stain with filter paper, the grids were air-dried and examined at 100 kV in a JEOL 2010 (Japan) transmission electron microscope. 9 cells in 0·3 M sucrose in a 0·5-ml microcentrifuge tube (the electroporation cuvette). The distance between plate-parallel polished titanium electrodes was 2·5 mm. A square pulse of 5·25 ms was used and the voltage applied to the sample (U sample) was varied from 900 V to 4000 V (electric field strength: 3·6-16 kV/cm). The curve is derived from data of three independent measurements and the standard deviation of the average data is given in bars low-conductance medium. From electron microscopy studies of the samples used in this research, the preparation contained cells of different lengths from around 1·23 to 2·6 mm. Routine light microscopy of those Gram-stained samples showed that shorter cells composed of about 67% of the cell population. Exponential pulses with RC of about 15 ms were reported as optimal for the strain used (Mermelstein et al. 1992) . In these experiments we used a 5·25-ms square pulse and different voltages assuming the electric energy amount provided by a 5·25-ms-square pulse is approximately the same as the amount of energy provided by an exponential pulse with RC equal to about 15 ms. Two 'flat' areas of the curve (Fig. 1) corresponding, respectively, to the electric field strengths of 8·6-9·8 kV/cm, and 11·4-12·8 kV/cm, were observed. While there is no way to apply a simple equation describing the dependence of voltage required for a reversible cell membrane electropermeabilization by a single DC pulse (Chang et al. 1992) on the length of a Gram-positive cell, it is well known that longer cells require lower voltage (Trevors et al. 1992) .
RESULTS
Volt-ampere pattern of clostridial cell suspension
where V m is an induced transmembrane potential required for a transient electropore formation; E is an applied electric field strength; R is a radius of a hypothetical spherical particle approximately corresponding to a transforming cell; and f is an angle between the cell axis if any and the applied electric field vector. 'Flat' areas under the circuit design used may reflect voltage ranges when efficient electric energy consumption by the cell subpopulations was observed, as those voltage intervals corresponded to the highest amplitude of spontaneous current oscillations from the samples. The frequency of spontaneously generated oscillations was the same for the cell subpopulations of both sizes, and it was of about 100 kHz.
In order to determine what cell subpopulation provided higher transformation yield we performed plating experiments to evaluate the ET efficiency corresponding to each flat region of the volt-ampere pattern 'ladder'. It emerged that the highest transformation yield for the clostridial strain studied and the plasmid DNA used was determined by the portion of cells with a shorter length of about 1·2-1·3 mm, when the pulse electric field strength reached about 12 kV/cm.
Optimization of RF modulated square pulse duration at a constant electric field strength of 12 kV/cm
Once the frequency of spontaneous pulse current oscillations was determined to be about 100 kHz, we investigated the possibility of increasing the transformation yield by replacing a simple square pulse with a square pulse artificially modulated with RF of 100 kHz of the same peak-to-zero line amplitude. The pulse modulation was obtained by 100 kHz modulation of the initial square signal at the transistor-transistor-logic (TTL) level (approximately 4·5 V). The RF modulated signal came directly to the voltage amplification cascade with the voltage amplification coefficient of about 1000.
There is no method to correlate square and RF modulated square pulses, so we had to check a wide range of RF modulated square pulse durations in order to select one which provided the highest transformation yield while we kept the electric field strength at 12 kV/cm. We again conducted plating experiments. An RF pulse duration of 22·5 ms provided the highest ET yield of 5 × 10 6 transformants mg −1 of pSOS84 DNA (Fig. 2) . At that point we investigated the influence of the amount of transforming DNA on ET efficiency. We examined DNA amounts over the range of 0·1, 1·0, 2·0, 3·0, 4·0, 5·0, 6·0, 7·0, 8·0, 9·0 and 10·0 mg per cell sample. There was no significant difference in the ET efficiency up to 5·0 mg of DNA per sample, as increased transformation yield was balanced by a decrease of cell viability. Higher DNA amounts provided a decrease of ET efficiency due to a decrease in cell viability from 40% at 5 mg of DNA to 1·5% viability at 10 mg due to a dramatic pulse current increase.
Influence of RF modulation frequency on transformation yield
It was also interesting to check whether the frequency of 100 kHz is a resonance frequency typical for the strain used Fig. 2 Dependence of electrotransformation efficiency of Cl. acetobutylicum ATCC 824 on the duration of square pulse modulated with radio-frequency of 100 kHz. Cells of Cl. acetobutylicum ATCC 824 were transformed with pSOS84 plasmid DNA using a square pulse varying between 1 and 25 ms in 1 ms increment at a constant electric field strength of 12 kV/cm. The curve is derived from three independent experiments, and the standard deviation of the average data was calculated for log 10 of the ET efficiency and is given in bars. Plating and counting of transformants were as described in Materials and methods or was a non-specific phenomenon. We considered it essential to check the above assumption by changing the frequency of the RF modulation over a relatively wide range using 50 kHz increments. These experiments showed that a RF modulation frequency of 100 kHz provided the highest ET efficiency under the experimental conditions used and, thus, this frequency is probably the resonance frequency necessary for ET of the strain ATCC 824 (Fig. 3) .
Electron microscopy of ET-treated Cl. acetobutylicum cells
It was also interesting to study the result of the above electrical observations using conventional electron microscopy to observe directly possible membrane structures contributing to the pulse current changes under optimal electric treatment conditions. Figure 4 shows typical unipolar damage to a target cell by an application of a unipolar square 22·5 ms pulse modulated with RF of 100 kHz. The size of this damage is not surprising, and the viability of such a cell may be limited since at least 10% of the total cell volume may have been lost due to the electric treatment. Figure 5 shows spherical structures released from electrically disrupted cells and a group of cells which have almost completely lost their cell walls, while some intercell bridge-like structures appear. Fig. 3 Dependence of electrotransformation efficiency of Cl. acetobutylicum ATCC 824 on the frequency of a square pulse modulation. Cells of Cl. acetobutylicum ATCC 824 were transformed with pSOS84 plasmid DNA using a square pulse of 22·5 ms duration at a constant electric field strength of 12 kV/cm. The frequency of modulation was varied from 50 to 350 kHz in 50 kHz increment. The curve is derived from data of three independent experiments, and the standard deviation of the average data was calculated for log 10 of the ET efficiency. Plating and counting of transformation efficiency were as described in Materials and methods Fig. 4 Cell of Cl. acetobutylicum ATCC 824 which was partially disrupted by electric treatment. The cell sample was subjected to an application of a square 22·5 ms RF modulated (100 kHz) pulse at an electric field strength of 12 kV/cm. Unipolar cell disruption is good evidence that the electric treatment was performed with a unipolar pulse. The bar corresponds to 200 nm 
DISCUSSION
This report contains a summary of our data on microbiological and electrophysiological research carried out with Cl. acetobutylicum ATCC 824 in order to improve ET efficiency for this particular strain. An important point of this research was to select an optimal medium for platings and broth cultivation preceding and subsequent to electric treatment. According to some general principles of bacterial ET, we observed that CGMm provides the shortest cell generation time of about 60-70 min for the cells of our strain, and cells readily began exponential growth after overnight cultures were diluted with fresh medium (data not shown). We applied stirring for this anaerobic bacterium during the subgrowth stage, which enhanced growth due probably to a facilitated removal of gases from the culture. The resulting cell pellets from such cultures provided surprisingly homogeneous suspensions avoiding cell clumping. A gentle incorporation of the electroporated cells in semisolid selective medium with high osmolarity (over 56 g/l of the medium components) contributed to the recovery of cells and may help to retain viability of those damaged during the pulse application. The immersion may also protect them against the trace amounts of oxygen generated in the chamber in the course of the manipulations.
A non-homogeneous cell suspension is one of the most complex obstacles impeding high ET yield in solventogenic clostridia. Cells grown in PYG broth as recommended by Cato et al. (1986) were of 0·9-6·4 mm long. Cells grown in CGMm were from 1·2 mm to 2·6 mm long. In the case of a homogeneous electric field a difference in length of the cells corresponds to a difference in the voltage required for ET ( Chang et al. 1992) . It was not surprising that optimal electric field strengths reported for other clostridial strains vary between 4 and 12 kV/cm (Trevors et al. 1992) , and 5-6 kV/cm for the cells of Cl. acetobutylicum ATCC 824 grown in 2×YTG (Mermelstein et al. 1992) , which is similar to PYG. Cell length also has an influence on the pulse duration required for ET yield; namely, for longer cells a longer pulse is required (Tyurin et al. 1996) . Also, the longer the pulse, the lower the voltage allowed to maintain adequate cell viability (Trevors et al. 1992) . In fact, a mixture of sizes was present in the sample, and we found later that ET yield depended on the proportion of the cells which served as targets at each particular voltage range. We also found by light microscopy that shorter cells composed approximately 60-67% of the cells in the samples we used (data not shown). Indeed, 0·6 ml of the cell suspension under the optimal electric treatment and plating conditions provided up to 5 × 10 6 transformants mg −1 of pSOS84 DNA (Figs 2 and 3) . ET protocols for different bacteria show that not only certain electric treatment conditions like voltages and/or pulse durations are important, but also the morphology of the target cells and their ultrastructure might contribute substantially to or even be essential for increasing transformation yield. Indeed, transforming DNA entering the cell should meet the conditions appropriate for its replication and expression. Regarding solventogenic clostridia, cells are electrotransformable during a short period near the end of the acidogenic phase (Mermelstein et al. 1992) . At this stage cells are enriched with acetic and butyric acids which act to lower intracellular pH. Such components may not be homogeneously distributed but may be compartmentalized intracellularly to reduce inhibitory effects. The appearance of a complex of small vesicles of about several dozen nanometers in diameter in electrically disrupted cells (Figs 4 and 5) also suggests that transformed DNA may somehow pass through the cell area enriched with these membrane structures to reach an area appropriate for DNA replication, or the presence of these structures may aid survival. A frequency of 100 kHz appeared to be the resonance frequency for the strain studied. The size of intracellular vesicles may determine this frequency range.
Under the optimal and comparable electric treatment conditions RF modulated pulses provide higher transformation yields due to known reasons (Chang et al. 1992) . RF modulation, even unipolar, decreases polarization of the electrodes and decreases in part an electrochemical corrosion. Dead cells form a biofilm at a positively charged electrode surface creating a layer with a resistance which is much higher than that of the cell suspension, and the main part of the pulse voltage is then applied to this biofilm. If the unipolar pulse is RF modulated all the above changes are partially reversible depending on the modulation frequency, modulating pulse duty cycle and the total pulse length. As a result the cell viability and respective ET efficiency might be 1·7-5·5-fold higher in comparison with non-modulated pulses (Tekle et al. 1991; Chang et al. 1992; Tyurin et al. 1996) . RF modulation allowed us to increase the total pulse duration and, thus, to involve more cells into the treatment leading to an ET efficiency as high as 5 × 10 6 transformants mg −1 of pSOS84 DNA.
